Abstract. In this study, the characteristics of porcine circovirus-2 (PCV2) replication (infectious virus titrations, distribution, and immunophenotyping of infected cells) in lymphoid organs were examined and related to the development of clinical signs and histological lesions in 26 piglets that had been inoculated with PCV2 either in utero or at 1 day of age. Piglets inoculated in utero at 92 or 104 gestational days (n ϭ 12) were collected by Caesarean section at term and either sacrificed immediately or kept in isolators and allowed to live postnatally until 35 days postinoculation (PI). Caesarean-derived piglets inoculated at 1 day of age (n ϭ 14) were sacrificed at 10, 21, 35, 42, and 49 days PI. Spleen and lymph nodes were collected for virologic and histopathological examinations. Clinical signs were not observed in any of the piglets. High virus titers (10 4.5-5.7 TCID 50 /g [TCID refers to tissue culture infectious dose]) were detected in 6 of the 26 piglets. Three of these 6 piglets were euthanized at 10 days PI, and infected cells of the monocyte-macrophage lineage (SWC3 ϩ , CD14
Since its initial isolation in 1998, porcine circovirus-2 (PCV2) has been reported in pig populations around the world. 1 The virus is primarily associated with postweaning multisystemic wasting syndrome (PMWS), a wasting disorder affecting pigs from 4 to 14 weeks of age, which is characterized by progressive weight loss, respiratory disease, enlargement of lymph nodes (LN), and occasionally, jaundice. 40 Porcine circovirus-2 is now considered as the primary cause of PMWS, 2, 7 but the exact mechanism whereby the virus causes the disease remains unclear. The difficulty in reproducing the full disease syndrome by inoculating PCV2 alone and the inconsistency of results after the experimental inoculations are major problems in the understanding of the pathogenesis of the disease. 3, 21, 24, 26, 34 Pigs in the field are mainly infected between 2 and 12 weeks of age. 22 Recently, field evidence of transplacental infection has been reported. 47 Direct intrafetal inoculations have confirmed the ability of PCV2 to replicate in fetuses 39 and have indicated the potential of in utero-inoculated fetuses to carry the virus postnatally. 15, 31 Whether in utero-infected piglets will develop PMWS postnatally has not been determined.
On the basis of findings in PMWS-affected pigs, there are indications that the disease may be linked to prominent virus titers (Ͼ10 4.5 TCID 50 /g [TCID refers to tissue culture infectious dose]) in lymphoid organs and to the presence of histological lesions such as lymphoid cell depletion, infiltration of cells with monocytic morphology, fibrovascular stroma proliferation, and presence of inclusion bodies and multinucleated giant cells. 24, 35 In a recent study, the higher numbers (13-to 513-fold) of infected cells in lymphoid organs 32 Paillot et al. 30 ; Carrasco et al. 8 1:200
(lymphoid organ B-lymphocyte subpopulation)* Andersen et al. 5 74.12.4 CD4 T-helper lymphocytes, memory T-helper cells Pescovitz et al. 33 ; Saalmuller et al. 37 1:100 natural interferon-␥-producing cells Charley Saalmuller et al. 37 ; Summerfield et al. 42 ; Zuckerman et al. 48 1:100 of 1 fetus and 1 piglet compared with their littermates was associated with the presence of a specific population of target cells that could not be identified using a limited set of markers for lymphocytes and monocytes-macrophages. 38 To date, no kinetic study has been conducted to correlate the amount of infectious virus with the development of histological lymphoid lesions and with the presence of specific target cells in these organs. The aims of the present study were to: 1) reproduce PMWS or PMWS-like lesions (or both) by inoculating both late-term fetuses in utero and 1-day-old Caesarean-derived piglets with PCV2, 2) examine virus replication in lymphoid organs of in utero-and postnatally inoculated piglets sacrificed sequentially after inoculation and to correlate the amount of virus replication with the development of clinical signs and histological lesions and with serological responses, and 3) identify PCV2 target cells in lymphoid organs using a broad range of cell markers and correlate the presence of some specific target cells with the level of virus replication.
Materials and methods

Virus.
A fourth passage in PK-15 cells of the PCV2 isolate 1121 47 with a titer of 10 6.0 TCID 50 /ml was used in this study.
Experimental design for in utero-inoculated fetuses. Twelve fetuses (P1-P12) from 4 sows were used in this study. Three sows were at 92 days of gestation, and 1 sow was at 104 days of gestation. These stages were selected because intrafetal inoculation earlier in gestation would lead to fetal death at term. 31 Laparotomies were performed on each sow, and subsequently, segments of the gravid uterine horn were exposed. Two to 3 fetuses from each sow at 92 days of gestation and 5 fetuses from the sow at 104 days of gestation were inoculated with PCV2 by injecting 10 4.3 TCID 50 of PCV2 transuterinely into fetal peritoneal and amniotic cavities, as described previously. 39 Sutures placed superficially on the exterior wall of the uterus overlying inoculated fetuses were used for later identification. At 113 or 114 days of gestation, Caesarean sections were performed, and inoculated piglets were collected and either immediately sacrificed at harvest (10 or 21 days postinoculation [PI]) or allowed to live postnatally up to 35 days PI. Piglets allowed to survive were kept individually in isolators and examined daily for clinical signs. Fetuses mock inoculated with phosphate-buffered saline (PBS) were also raised in isolators and served as negative controls. At euthanasia, blood was collected for serological examination, and tonsils, spleen, and retropharyngeal, bronchial, mediastinal, inguinal, and mesenteric LN were collected and examined for infectious virus. Additional samples of the spleen and inguinal LN were taken for identification of virus-infected cells and for histopathological examinations.
Experimental design for piglets inoculated at 1 day of age. Fourteen Caesarean-derived piglets (P13-P26) from 3 sows were each inoculated at 1 day of age with 10 4.3 TCID 50 of PCV2, both oronasally (10 4.0 TCID 50 in 800 l) and intraperitoneally (10 4.0 TCID 50 in 200 l). The piglets were kept in separate isolators and were observed daily for clinical signs. Phosphate-buffered saline-inoculated piglets served as negative controls. Blood was collected for serological examinations before virus inoculation and at the time of sacrifice at 10, 21, 35, 42, and 49 days PI. Two to 4 piglets were euthanized at each of these time points and processed as described above for in utero-inoculated piglets.
Virus isolation and titrations. Each tissue sample was quantitatively assayed for infectious virus, as described previously. 39 Briefly, 20% tissue suspensions were inoculated into semiconfluent monolayers of PK-15 cells and examined 72 hr later for infection using a monoclonal antibody (MAb) against the PCV2 capsid protein (F217) 28 and goat antimouse immunoglobulin (Ig)-peroxidase. a Cell markers and PCV2 antibodies. The MAbs used in this study to identify the different leukocyte cell populations are presented in Table 1 . Viral antigen-positive cells were identified using biotin-conjugated swine anti-PCV2 polyclonal Igs or MAbs against the PCV2 rep protein (F210) and the capsid protein (F217). 28 Immunofluorescence stainings. Immunophenotyping of infected cells was performed in spleens and inguinal LN that were positive for infectious virus. Immunophenotyping was done by double-immunofluorescence labeling on serial cryostat sections using different cell markers and PCV2 antibodies, as described previously but with minor modifications. 38 Briefly, the tissue sections were fixed sequentially for 5 min each in a solution of 50%, 75%, and 100% methanol at Ϫ20 C. The sections were then incubated with optimal dilutions of MAbs against cell markers ( Table 1) followed by goat anti-mouse Ig-fluorescein isothiocyanate (FITC) a diluted 1: 500 in PBS. Thereafter, the sections were stained for PCV2 antigens with biotin-conjugated swine anti-PCV2 polyclonal Igs with 2% negative pig serum to block aspecific binding and subsequently with streptavidin-Texas red. a Infected cells were quantified and immunophenotyped using a Leica DM/ RBE fluorescence microscope. b The total number of PCV2-positive cells and the total number of double-positive cells (cell marker and PCV2 positive) in 10 mm 2 tissue were determined for each sample. On selected samples of the spleen, infection of leukocytes was determined by tracing the viral rep or capsid proteins (or both) in the nucleus by doubleimmunofluorescence labeling using MAbs against the viral rep protein (F210) or the capsid protein (F217) (or both), followed by goat anti-mouse Ig-FITC and biotin-conjugated MAbs against CD8, IgM, and SWC3, followed by streptavidin-Texas red. Aspecific binding of cell marker MAbs with goat anti-mouse Ig-FITC was blocked by incubation of the slides with 20% dilutions of PCV2 MAbs in between application of goat anti-mouse Ig-FITC and cell marker. For all labelings, specificity was determined by deletion of primary antibodies or the absence of fluorescence (or both) in corresponding tissues from age-matched, noninoculated fetuses and piglets (PCV2 staining). Digital images were taken using a Leica TCS SP2 laser scanning spectral confocal system b linked to a Leica DM/IRB inverted microscope. c Selected samples were also checked for porcine parvovirus (PPV) 10 antigens and porcine reproductive and respiratory syndrome virus (PRRSV) 12 antigens by immunofluorescence labeling.
Histopathology. Spleen and inguinal LN were fixed in 10% neutral-buffered formalin, embedded in paraffin wax, and stained with hematoxylin and eosin (HE). Each section was independently examined for lymphocyte depletion and monocytic infiltration.
Serology. Serum samples were tested for PCV2 antibodies using an immunoperoxidase monolayer assay (IPMA) as described previously. 39 Sera were also tested for PPV antibodies using an indirect hemagglutination-inhibition assay 16 and for PRRSV 23 and porcine circovirus-1 (PCV1) 22 antibodies using an IPMA.
Results
Clinical signs. Clinical signs were not observed in any of the PCV2-inoculated or control piglets.
Antibody response. The results of the serological examinations are shown in Table 2 . PCV2 antibodies were detected at 21 days PI in all virus-inoculated piglets (range: 40-2,560). Antibody titers rapidly increased (20, 920) by the end of the study at 35 or 49 days PI, except for P26 and P12, where antibody titers were 16-and 64-fold lower, respectively, compared with age-matched inoculated piglets. PCV2 antibodies were not detected in preinoculation sera and in controls. All piglets were negative for PCV1, PPV, and PRRSV antibodies for the entire duration of the study.
Virus titrations. Table 2 shows the results of the virus titrations. Virus titers in all lymphoid organs were generally low (10 Ͻ3.0 TCID 50 /g) in in utero-(10 of 12) and in postnatally (10 of 14) inoculated piglets regardless of the time interval after inoculation, except in 2 in utero-inoculated piglets (P4 and P12) and in 4 postnatally inoculated piglets (P14, P15, P16, and P20), where up to 2-4 log 10 higher virus titers (10 4.5-5.7 TCID 50 /g) were detected. Infectious virus was still detected in all piglets that were euthanized at the end of the study.
Quantification and immunophenotyping of infected cells in virus-positive spleens (n ϭ 18).
The results of the quantification and immunophenotyping of infected cells in the spleen are presented in Table 3 . The absolute number of infected cells in both in utero and postnatally inoculated piglets was generally low (2-9 cells per 10 mm 2 tissue in 12 of 18 piglets examined) regardless of the time interval after inoculation, except in 2 in utero-inoculated piglets (P4 and P12) and in 4 postnatally inoculated piglets (P14, P15, P16, and P20), where the number of infected cells ranged from 42 to 2,025 cells per 10 mm 2 tissue. These 6 piglets with higher numbers of infected cells also had higher virus titers in the spleen compared with their littermates.
In the 12 piglets with low numbers of infected cells, viral antigens were localized only in monocyte-macrophage lineage cells (SWC3 ϩ , CD14 ϩ , and sialoadhesin [Sa] ϩ cells). These cells were observed mainly as isolated single cells in the marginal zones. The infected cells were SWC3 ϩ (83-100%), CD14 ϩ (25-65%), and Sa ϩ (67-100%). The distribution and organization of the different cell populations in the spleens of these piglets were regarded as normal with 1) CD4 ϩ , CD8 ϩ , and IgM ϩ cells concentrated in periarteriolar regions and 2) SWC3 ϩ , CD14 ϩ , and Sa ϩ cells distributed as isolated single cells in the marginal zone and the red pulp and as focal clusters (pericapillary monocyte-macrophage sheaths) surrounding periarteriolar regions (pattern A) (Fig. 1) .
In the 6 piglets with higher numbers of infected cells, PCV2 antigens were observed only in monocyte-macrophage lineage cells (SWC3 ϩ , CD14 ϩ , and Sa ϩ cells), except in 3 postnatally inoculated piglets (P14, P15, and P16) sacrificed at 10 days PI, where infected cells bearing lymphocyte markers (CD4 ϩ , † Tonsils and retropharyngeal, bronchial, mediastinal, and mesenteric lymph nodes. ‡ log 10 TCID 50 /g. § Histological lesions graded as Ϫ, none; ϩ, mild; ϩϩ, moderate; ϩϩϩ, severe.
CD8 ϩ , and IgM ϩ cells) were also observed. In 2 of the 6 piglets (P14 and P15), the percentage of infected CD4 ϩ , CD8 ϩ , IgM ϩ , SWC3 ϩ , CD14 ϩ , and Sa ϩ cells ranged from 16% to 37%. In the other 4 piglets (P4, P12, P16, and P20), the majority of infected cells were SWC3 ϩ (83-93%) and CD14 ϩ (83-90%), and these cells were concentrated in the periarteriolar regions ( Fig. 2A) . A minority of the infected cells were Sa ϩ (16-36%). A severe alteration in the normal distribution and organization of the different cell populations was observed in these 4 piglets. This was characterized by 1) the dispersal of CD4 ϩ and CD8 ϩ cells away from the periarteriolar regions, 2) the rare occurrence of IgM ϩ cells, and 3) the large numbers of infected SWC3 ϩ , CD14 ϩ , and Sa Ϫ cells in the periarteriolar regions (pattern B) (Fig. 1) . The viral rep protein or the capsid protein (or both), as detected by respective MAbs, was traced in the nucleus of a few CD8 ϩ , SWC3
ϩ (Fig. 3A) , and IgM ϩ (Fig. 3B ) cells. Tissues were negative for PPV and PRRSV antigens. Table 4 shows the results of the quantification and immunophenotyping of infected cells in the inguinal LN. The absolute number of infected cells in both in utero-and postnatally inoculated piglets was generally low (1-9 cells per 10 mm 2 tissue in 9 of 14 piglets) regardless of the time interval after inoculation, except in 2 in utero-inoculated piglets (P4 and P12) and in 3 postnatally inoculated piglets (P15, P16, and P20), where the number of infected cells ranged from 35 to 690 cells per 10 mm 2 tissue. These 5 piglets with higher numbers of infected cells also had higher virus titers in inguinal LN compared with their littermates.
Quantification and immunophenotyping of infected cells in virus-positive inguinal LN (n ϭ 14).
In the 9 piglets with low numbers of infected cells, viral antigens were localized only in monocyte-mac-PCV2 replication in lymphoid organs (Fig. 2B) . A minority of the infected cells were Sa ϩ (11-31%). A severe alteration in the normal distribution and organization of the different cell populations was observed in these 3 piglets. This was characterized by 1) a marked reduction in the number of IgM ϩ follicles, 2) a moderate reduction in CD4 ϩ and in CD8 ϩ cells, and 3) the concentration of infected SWC3 ϩ , CD14 ϩ , and Sa Ϫ cells in follicular and parafollicular regions. Tissues were negative for PPV and PRRSV antigens.
Histopathology. The results of the histopathological examinations of the spleen and inguinal LN are presented in Table 2 . Mild to moderate lymphocyte depletion and monocytic infiltration were observed in the periarteriolar regions of the spleen or the cortical areas of the inguinal LN (or both) of 3 postnatally inoculated piglets (P14, P15, and P16) examined at 10 days PI. Moderate to severe lesions were seen in either or both lymphoid organs of 2 in utero-inoculated piglets euthanized at 21 days (P4) and 35 days (P12) PI and in 1 postnatally inoculated piglet (P20) at 21 days PI (Fig. 4) . Lesions were not observed in the other PCV2-inoculated piglets and in controls.
Discussion
In this study, lymphocyte depletion and infiltration of monocytic cells were detected in lymphoid organs with high virus titers (Ն10 4.5 TCID 50 /g) in a limited number of piglets inoculated in utero in late gestation or at 1 day of age. The absence of clinical signs in these piglets shows that intensive PCV2 replication and the development of PMWS-associated lymphoid lesions do not necessarily lead to wasting disease.
The results of this study are somewhat different from observations in other studies where high levels PCV2 replication in lymphoid organs of virus, viral antigens, and nucleic acid and severe lymphoid lesions were associated with experimentally induced PMWS. 19, 24 The virus titers obtained in some piglets in the present study (10 4.5-5.7 TCID 50 /g) were comparable with those of piglets from another study in which they developed PMWS (10 4.5-6.1 TCID 50 /g) 21-25 days after oronasal inoculation. 24 These findings suggest that factors other than the degree of virus replication in lymphoid organs and the presence of lymphoid lesions compatible with PMWS are involved in the development of the disease.
Several factors have been hypothesized to be responsible for the differences in virologic and clinical outcome of infection. Among them are age and immunological status of piglets 19, 24 and cofactors such as immunostimulation, 19 immunosuppression with cyclosporine, 20 and coinfection with PPV 4,21 or PRRSV. 3, 13, 36 None of them seem to apply in this study. Genetics and litter effect have also been proposed 40 ; however, neither seems applicable in the present study because piglets with high virus titers were of the same breed and originated from different litters. The reason for the differences in the levels of virus replication observed in the present study is thus not clear and requires further investigation.
Cells of the monocyte-macrophage lineage were identified as the major target cells of PCV2 in lymphoid organs of both in utero and postnatally inoculated piglets. This finding is in agreement with previous reports that identified these cells on the basis of histological morphology 17, 35 and expression of cell markers 18, 38 as the predominant cell types infected by the virus. Infected cells carrying lymphocyte-related markers were also observed in a limited number of postnatally inoculated piglets in the present study. The specific classification of these cells as lymphocytes was compromised because CD4 and IgM can also be present in subpopulations of SWC3 ϩ monocytes-macrophages and dendritic cells (Summerfield and McCullough, personal communication 5 ). CD8, although not identified in porcine myeloid cells, is present in a subpopulation of murine dendritic cells. 6 However, all SWC3 ϩ cells were negative for CD8 and IgM in double-immunofluorescence labelings in lymphoid organs of gnotobiotic piglets examined in this study (data not shown). This finding suggests that the infected cells bearing lymphocyte-related markers in the present study were lymphocytes. PCV2 antigens and nucleic acid have been described in cells morphologically resembling lymphocytes in PMWS-affected pigs. 17, 35, 41 The possibility, however, that the infected cells carrying lymphocyte markers but not SWC3 in the present study represent subpopulations of dendritic cells cannot be excluded because these cells can downregulate SWC3 expression after activation-stimulation (Summerfield and McCullough, personal communication).
The viral rep protein or the capsid protein (or both) could be demonstrated in the nucleus of some monocyte-macrophage lineage cells and in the nucleus of some lymphocyte-marker-carrying cells indicating that these cell types were infected by the virus. The nuclear localization of the PCV2 rep protein is indicative of infection because this protein is not present in the mature virion and, therefore, has to be synthesized during infection. The capsid protein contains a nuclear localization signal, 25 and its presence in the nucleus indicates that expression of this protein has occurred and that the protein was transported to the nucleus.
The demonstration of these viral proteins in the nucleus using monoclonal antibodies was necessary because viral antigens in monocyte-macrophage lineage cells and in IgM ϩ cells could represent phagocytosed and endocytosed viral particles, respectively. It is peculiar that PCV2 targets monocytes-macrophages because these cells are generally considered as nondividing cells and, therefore, are predicted to have low DNA polymerase activity. PCV2 supposedly requires DNA polymerases for optimal virus replication. 1, 44 However, despite its nondividing nature, the high rate of DNA strand breaks occurring in these cells 43 suggests that DNA polymerases are abundantly expressed for DNA repair and thus potentially satisfying the requirement of the virus for these cellular enzymes.
The presence of monocytic cells expressing SWC3 and CD14, but not Sa, was linked to high virus replication. Virus titers were always higher where these infected cells were encountered. The localization of these cells in lymphocyte-dependent regions coupled with the presence of SWC3 and CD14 and the absence of Sa suggest that they are infiltrating monocytic cells. It has been shown that CD14 is more abundantly expressed in peripheral blood monocytes compared with differentiated macrophages, 27 and the opposite has been reported for porcine Sa. 11, 45 SWC3 is a pan-myeloid marker expressed in monocytes, macrophages, and dendritic cells. Why these cells were observed only in lymphoid organs with high virus replication and why infiltration of these monocytic cells occurred only in some piglets and not in others is not clear.
In this study, lymphocyte depletion and infiltration of cells of the monocyte-macrophage lineage were observed only in lymphoid organs with higher virus titers and higher numbers of infected cells (Ն42 PCV2-positive cells per 10 mm 2 tissue), indicating that these lesions were the result of an intensive virus replication. However, the amount of virus was not fully correlated with the severity of lesions because lymphoid organs showed differing degrees of histopathological changes despite comparable high virus titers. This is reflected by the generally milder lesions at 10 days PI compared with those at 21 and 35 days PI, suggesting that time is required for lesions to become more pronounced. The use of cell markers to identify and localize the different cell populations made it possible to further characterize the histomorphological changes observed in this study. It was demonstrated that the histopathological depletion of lymphoid cells in lymphocytedependent regions is primarily due to the marked reduction of B lymphocytes, the dispersal of T lymphocytes, and the replacement by monocytic cells. These observations agree with the results of immunophenotyping in lymphoid organs of pigs with naturally acquired PMWS. 41 There are indications that high PCV2 titers and the presence of severe histological lesions in lymphoid organs can negatively influence the antibody response to the virus. This was observed in the present study in piglet P12, which had a 64-fold lower antibody titer compared with its littermates and in another study 24 where 5-to 125-fold lower antibody titers were detected in PMWS-affected piglets compared with nondiseased piglets. These low antibody titers may be attributed to severe lymphocyte depletion, which could have compromised the capacity to synthesize antibodies. In the present study, piglet P26 also had a low antibody titer, but only low virus titers were detected. This seems somewhat contradictory; however, fibrosis was observed in several lymphocyte-dependent regions in the spleen of this piglet, suggesting that an extensive virus replication probably had occurred before euthanasia at 49 days PI, which may have adversely affected the antibody response to the virus. Whether this low antibody response is restricted to PCV2 or is generalized and leads to similarly low antibody responses against other pathogens during coinfection was not investigated in this study. If it affects humoral responses against other pathogens, then the present observations could support suggestions that PCV2 may be immunosuppressive. 29, 41 In this study, PMWS was not induced despite high virus titers and the development of PMWS-associated lymphoid lesions. These results highlight the need for further studies in the pathogenesis of the disease to define conditions that trigger PMWS.
